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Abstract—High speed train system has proven to be a very
flexible and attractive system that can be developed under
various circumstances and in different contexts and cultures.
As a result, high speed trains are widely deployed around
the world. Providing more reliable and higher data rate com-
munication services for high speed trains has become one of
the most urgent challenges. With vast amounts of spectrum
available, the millimeter wave (mmWave) system is able to
provide transmission rates of several gigabits per second for
high speed trains. At the same time, mmWave communication
also suffers from high attenuation, thus higher energy efficiency
should be considered. This paper proposes an energy efficient
power control scheme of train-ground mmWave communication
for high speed trains. Considering a beam switching method for
efficient beam alignment, we first establish position prediction
model, the realistic direction antenna model and receive power
model. And then we allocate the transmission power rationally
through the power minimization algorithm while ensuring the
total amount of transmission data. Based on this, this paper also
develops a hybrid optimization scheme and finds the limit of
total energy consumption when the number of segments goes to
infinity. Through simulation with various system parameters and
taking velocity estimation error into account, we demonstrate the
superior performance of our schemes.
I. INTRODUCTION
High speed railway is now a mature system of transport.
And high speed train (HST) systems are considered as a green
transportation system that can provide fast and convenient
services. HSTs have been widely deployed around the world
and the network is still rapidly expanding. It is expected
that the total length will reach up to 54,550 km by 2025
[1]. Providing quality broadband services for passengers is
becoming especially important. With the increasing demand
of bandwidth, the current 4G wireless technology cannot
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meet the needs of passengers to access the Internet using
mobile terminals in a high-speed mobile environment. The
contradiction between the increasing demand for transmission
data of train-ground communication and the existing low-
rate communication makes it urgent to solve the problem of
wireless broadband communication for HSTs.
As a technology adopted by the fifth-generation (5G)
wireless communication, mmWave communication is able to
support multi-gigabit wireless services like wireless gaming,
wireless Gigabit Ethernet, real-time compressed and uncom-
pressed high-definition television (HDTV) streaming media,
and high-speed data transfer between devices such as cameras,
tablets and personal computers [2]. Therefore, it can solve the
problem of train-to-ground wireless broadband transmission
effectively and provide stable and reliable communication
services for passengers, which is difficult for existing oper-
ators in a high-speed mobile environment. At present, the
technology has been applied in some HST communication
systems worldwide and have achieved good performance, like
the Japanese Shinkansen, the TVE test line of maglev train
in Germany and the maglev train in Shanghai, China [3].
Due to its wide bandwidth, narrow beam and rich spectrum
resources, applying mmWave to train-ground communication
for HSTs not only conforms to the current development trend
of wireless communication networks, but also satisfies the
needs of passengers for Internet access. It has become an
effective way to improve the quality of HST services.
For HST communication systems, although many new tech-
nologies have been proposed, there are still many important
issues need to be investigated. Due to high carrier frequency,
mmWave communications suffer from higher propagation loss
than communication systems in lower frequency bands [4]. For
instance, the free space path loss at 60 GHz band is 28 decibels
(dB) higher than that at 2.4 GHz [5]. With the maturity of
directional antenna technology [6], mmWave communication
has attracts considerable attention. To combat high channel
attenuation, analog beamforming techniques are exploited to
synthesize directional antennas at both the transmitter and
receiver to achieve high antenna gain [7], [8]. Consequently,
the omnidirectional carrier sensing is disabled, and this is the
deafness problem [9].
Energy problem is another important problem that needs to
be addressed. Over the past years, the work on 5G networks
has achieved remarkable results [10], [11]. 3GPP has recently
ratified non-standalone 5G New Radio (NR) technology to
augment further LTE [12]. In the 5G era, with a large number
of base stations (BSs) deployed, the cost-efficient, flexible,
and green power control solution becomes one of the most
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2urgent and critical challenges [13]. The energy efficiency of
train-ground communication for HSTs has gradually become
a key issue in green wireless communication. First, the HST
system is divided into five subsystems and energy system is
one of them, enhancing energy efficiency can help improve the
performance of the HST system. And high energy efficiency is
one of goals of future HST developments, with higher energy
efficiency, the HST system will be more sophisticated [14].
Second, as a mass transport system, the HST system has many
fixed costs and huge investment required, it needs specific
ground infrastructure which is costly to implement and main-
tain. In order to fulfil its potential in meeting future transport
needs, the rail industry will need to radically progress in terms
of costs. Reduce energy consumption is beneficial to reduce
operations costs to some extent [15]. Finally, compared to the
road and air industries, the rail industry is small, improvement
of energy efficiency can help the rail industry keep pace with
road and air. Up until now, rail has been considered the safest
and most environmentally friendly transport mode. However,
driverless electric cars will completely transform how we view
road transport. Similar leaps forward are anticipated in the air
industry, towards the production of much quieter and more
fuel efficient airplanes. The rail industry cannot sit back and
simply watch all of these breakthroughs happen. Even where
rail transport is head and shoulders ahead, improvements and
innovations are of the utmost necessity [16]. Therefore, there is
strong motivation and interest to investigate an energy-efficient
solution for HST wireless communication systems.
This paper considers a HST network of mmWave access
points similar to the architecture proposed in [17]. We focus
on a mmWave system that employs directional beamforming at
the transmitter (TX) and receiver (RX), using adaptive arrays.
The IEEE 802.11 ad/ay standard has adopted the way of
beamforming to increase antenna gain [18]. A beam switching
method is considered which uses train position information
similar to [19], and the information can be obtained from
the train control system (TCS). Modern railway systems have
TCSs, which can track the position and velocity of each
train. Assuming that the BSs and the transceivers on the train
(mobile relay) have only one RF chain, the BS uses mmWave
directional transmission to the mobile relay on the train, and
beamforming is accomplished via a digitally controlled phased
array. With the estimated position information of the train, the
time to switch the beam direction can be calculated. According
to the result of [17], this switching can be very fast (<50ns).
In this paper, we develop energy-efficient schemes of
train-ground mmWave communication for HSTs, where the
transmission power is allocated rationally according to the
distance between the train and the BS. Based on the power
minimization algorithm, our schemes achieve lower energy
consumption and establish an energy-efficient communication
mechanism. To the best of our knowledge, we are the first
to analyze the energy consumption problem of train-ground
mmWave communication by dividing the inter-BS distance
into small segments. Besides, we also find the limit value when
the number of segments goes to infinity. The scheme is based
on a beam switching method which can achieve efficient beam
alignment. The contributions of this paper are summarized as
follows.
• We focus on the energy efficiency power control problem
of train-ground mmWave communication and formulate
the problem into a nonlinear optimization problem, the
optimization model is established based on position pre-
diction model, the realistic direction antenna model and
receive power model. And the position prediction model
is established based on the beam switching scheme.
• We propose an energy-efficient power control scheme
where the coverage of a base station is divided into
small segments and the transmission power is allocated
properly through power minimization algorithm. The total
amount of transmission data is considered in the problem.
We also develop a hybrid optimization scheme that only
allocates the transmission power of the second half of
the considered part. Furthermore, we find the limit of
total energy consumption when the number of segments
approaches infinity.
• Through simulation with various system parameters and
taking velocity estimation error into account, we demon-
strate that our schemes can achieve lower energy con-
sumption and higher energy efficiency.
The rest of this paper is organized as follows. Section II
introduces the related work on the mmWave communication
for HSTs. Section III presents the system model and for-
mulates the energy efficiency optimization problem of train-
ground mmWave communication into a nonlinear minimiza-
tion problem. Section IV proposes our energy-efficient power
control schemes. In section V, the performance of the scheme
is analyzed when the number of segments tends to infinity.
Section VI gives the evaluation of our schemes in terms
of energy consumption and energy efficiency with velocity
estimation error and various system parameters. Section VII
concludes this paper.
II. RELATED WORK
There have been some schemes proposed on the mmWave
communication system for HSTs [20]–[23]. Va et al. [20]
considered a beam switching method which uses the position
information of the train from TCS to determine the time
of beam switching, velocity estimation error is also taken
into account to get the optimal beamwidth. Kim et al. [21]
proposed a distributed antenna system-based (DAS) mmWave
communication system for HSTs based on the hierarchical
two-hop network, antenna modules are distributed by ge-
ographic position and the communication interruption time
during handover was minimized to provide more reliable
links between TX and RX. In [22], a disaster radar detection
approach for the safety of trains was designed. According
to the safety level, the area around the railway is divided
into three parts and different detection methods are used
for different sub-areas. [23] introduced orthogonal frequency-
division multiplexing (OFDM) and single carrier (SC) scheme
to support mmWave communication and made a suggestion
that train-trackside mmWave systems should deploy both
OFDM and SC, and then presented train-trackside network
architecture adopted MIMO technologies.
3The upcoming 5G mobile communication system is ex-
pected to support high mobility up to 500 km/h, which
is envisioned in particular for HSTs. MmWave spectrum is
considered as a key enabler for offering the “best experience”
to highly mobile users [24]–[28]. In order to solve the problem
of applying traditional MIMO to HSR scenario, Cui et al.
[24] proposed a hybrid beamforming scheme using spatial
modulation (SM) which can achieve multiple antenna gain,
and the scheme has been designed both in analog domain
and in digital domain. [25] considered the mobile hotspot
network based on a hierarchical relay network structure, the
design of baseband modem and RF front end are given
which can satisfy high data transfer rates for HSTs with the
velocity up to 500km/h, and the core of system structure is
mitigating severe Doppler effects by allocating downlink and
uplink reference signal. [26] discussed the main challenges
of 5G mmWave HST communication and proposed a viable
paradigm by definiting the 5G mmWave HST scenario and
selecting proper objects and materials. Through reconstruction
of three models, the paradigm is verified. Talvitie et al. [27]
studied HST positioning problem in a 5G NR network by using
specific NR synchronization signals. The positioning method
utilizes measurement of time of arrival and angle of departure,
and the position can be tracked by an Extended Kalman
Filter. [28] overcame the challenge of sensitivity of mmWave
links by utilizing multiple antennas diversity and higher band-
width. A risk-sensitive reinforcement learning framework was
formulated where each cell optimizes its transmission while
considering signal fluctuations.
Recently, there are also some works on mmWave beam
alignment and power allocation [29]–[33]. To realize fast
and accurate estimation of mmWave channel, Xiao et al.
[29] proposed a multipath decomposition and recovery ap-
proach by exploiting the spacial sparsity. Particularly, a code-
book is designed for the approach to make it applicable
for both analog and hybrid beamforming/combining devices
with strict constantmodulus(CM) constraint. Considering the
non-orthogonal multiple access in mmWave communications,
[30] studied power and beam gain allocation problem and
beamforming problem under the CM constraint to maximize
the sum rate of a 2-user mm-wave-NOMA system. Zhou et al.
[31] investigated the problem of beam misalignment at both
the base station and the users and developed a performance
analysis framework for mmWave-NOMA networks with spa-
tially random users. Liu et al. [32] formulated the discrete
power control and non-unified transmission duration allocation
problem for self-backhauling mmWave cellular networks as an
optimization problem and corresponding algorithms have been
designed to solve it. Cui et al. [33] proposed a branch and
bound (BB) based power allocation algorithm and a match
theory based algorithm to maximize the sum rate for the
mmWave NOMA system.
To the best of our knowledge, most of these works do not
focus on the energy consumption reduction problem of train-
ground mmWave communication for HSTs, and energy effi-
ciency problem is not considered. In this paper, we investigate
the problem and allocate the transmission power properly to
achieve good performance.
III. SYSTEM MODEL AND PROBLEM FORMULATION
This section describes problem formulations and the models
needed for energy efficiency optimization.
A. Position Prediction Model
Fig. 1. A mmWave network for HST.
Fig. 2. Bird view of the mmWave network.
Consider a network model as shown in Fig. 2, where the
distance from a BS to the rail is denoted by d0 and the inter-BS
distance by dl. We assume that the total number of segments
is even and from symmetry, we only need to consider the half
of the model, i.e., the coverage of a BS is divided into 2N
beams (N = 2 in Fig. 2), and the coverage of the ith beam is
di, di can be computed from the geometry.
We assume that only periodic feedback from TCS can
provide an accurate current position and a velocity estimate,
the communication system uses this information to predict the
position of the train until the next update is available. The
predicted positions are used to determine the time of beam
switching.
Assume that the speed of the train is constant, notice that
trains with large mass cannot accelerate or decelerate rapidly,
so this assumption is reasonable. Then the position can be
modeled as
x(t) = v(t− t0) + x0, (1)
where x0 is the feedback location, and t0 is the time of the
feedback. Without loss of generality, we set x0 = 0 and t0 =
0.
B. The Realistic Direction Antenna Model
In this paper, we adopt the widely used realistic directional
antenna model, which is a main lobe of Gaussian form in
linear scale and constant level of sidelobes [34]. It is the
reference antenna model with sidelobe for IEEE 802.15.3c.
4And we assume that the Doppler effect of the channel has
been eliminated by modulation methods [35]. The gain of a
directional antenna in units of decibels (dB), which is denoted
by G(θ), can be expressed as
G(θ) =
{
G0 − 3.01 · ( 2θθ−3dB )
2
, 0◦ ≤ θ ≤ θml/2
Gsl, θml/2 ≤ θ ≤ 180◦
,
(2)
where θ denotes an arbitrary angle within the range [0, 180◦],
θ−3dB denotes the angle of the half-power beamwidth, and
θml denotes the main lobe width in units of degrees. The
relationship between θml and θ−3dB is θml = 2.6 · θ−3dB .
G0 is the maximum antenna gain, and this can be obtained by
G0 = 10 log
(
1.6162
sin (θ−3dB/2)
)2
, (3)
The sidelobe gain Gsl can be expressed as
Gsl = −0.4111 · ln(θ−3dB)− 10.579. (4)
C. Receive Power Model
The RX power is modeled as [19]
P dBmrx = P
dBm
tx +Gtx +Grx −W + 10n log10
λ
4pid
, (5)
where, P dBmrx and P
dBm
tx are the RX and TX powers, Grx and
Gtx are the RX and TX antenna gains, W is the shadowing
margin, λ is the carrier wavelength, and d is the distance from
the BS to the mobile relay on the train. We can approximate
Grx and Gtx with G0, and compute the d as a function of
time, then the RX power is modeled as
P dBmrx (t) = P
dBm
tx + 2G0 −W + 10n log10
λ
4pid(t)
. (6)
Denoting B the system bandwidth, and NF the noise figure
of the receiver chain, we model thermal noise as
P dBmnoise = −174 + 10 log10B +NF. (7)
The received SNR is determined by not only the received
signal power but also the noise power and can be expressed
as [36], [37]
SNR(t) =
Prx(t)
Pnoise
. (8)
D. Problem Formulation
As we know, the transmission power allocation is a key
mechanism to energy consumption, if the transmission power
can be allocated properly, the energy consumption will be
reduced greatly, therefore, the transmission power should be
optimized to achieve high energy efficiency. Here, we formu-
late the transmission power optimization problem to minimize
energy consumption.
The energy efficiency optimization problem of train-ground
mmWave communication can be formulated as
max EE, (9)
where EE denotes the energy efficiency and can be expressed
as
EE =
D
E
, (10)
D denotes the total amount of transmission data and the total
energy consumption is E.
When maximizing the energy efficiency, we only need to
minimize the energy consumption and ensure that the amount
of data is greater than a certain value simultaneously, then the
problem of (10) can be transformed as follows:{
min E
s.t. D ≥ Dfixed , (11)
Assume that the transmission power at each segment is
a constant Pi, then the total energy consumption can be
expressed as E =
∑
i
Pit.
Notice that t =
di
v
, the problem of (11) can be expressed
as  min
N∑
i=1
di
v
Pi
s.t. D ≥ Dfixed
. (12)
This is a nonlinear minimization problem where objective
function is a linear function about Pi and both di and v can
be seen as a constant, and the constraint indicates that Pi ≥
0, i ∈ [1, N ].
To reduce the energy consumption, we should ensure the
total amount of transmission data. Now, we analyze the system
constraint of this optimization problem. First, according to the
Shannon capacity formula, the achievable data rate is deter-
mined by the received SNR [38], [39], and the instantaneous
rate is formulated as
R(t) = log2 (1 + SNR(t)), (13)
Based on the linear position prediction model, the system
will switch to the ith beam at time
∑i−1
j=1 dj/v and keeps
this beam until time
∑i
j=1 dj/v, then the total amount of
transmission data of the ith beam is
Di =
∫ i∑
j=1
dj/v
i−1∑
j=1
dj/v
log2 (1 + SNR(t)) dt, (14)
Approximate the SNR of the segment with it at the midpoint
of this segment, as shown in Fig. 3, then Di can be estimated
as
Di ≈ log2 (1 + SNRmidi ) ·
dmidi
v
, (15)
where, SNRmidi is the SNR at the midpoint of the i
th segment
and dmidi is the distance between BS and the midpoint of each
segment of the rail.
According to (8),
SNRmidi =
Pi + 2G0 −W + 10n log10 λ4pidmidi
−174 + 10 log10B +NF
, (16)
From the geometry,
dmidi =
(dl
2
−
i−1∑
j=1
dj − di
2
)2 + d20
 12 , (17)
5Fig. 3. Midpoint approximation of the network.
From the approximate formula, we can get that the total
amount of transmission data is D =
2N∑
i=1
di.
For problem of (12),
D =
N∑
i=1
Di
≈
N∑
i=1
log2 (1 + SNR
mid
i ) ·
dmidi
v
,
(18)
From the geometry, the inter-BS distance di can be calcu-
lated as
di = d0[tan(N + 1− i)θ − tan(N − i)θ], i ∈ [1, N ], (19)
θ is determined by N and can be obtained by
θ =
arctan
(
dl
2d0
)
N
. (20)
Second, when transmission power is a constant, that is,
transmission power of each segment is the same, we denote it
as P , and then Dfixed can be calculated as
Dfixed =
∫ dl
2v
0
log2 (1 + SNR(t)) dt, (21)
where
SNR(t) =
P + 2G0 −W + 10n log10 λ4pid(t)
−174 + 10 log10B +NF
, (22)
d(t) =
[
d20 +
(
dl
2
− vt
)2] 12
. (23)
From above, we formulate the energy efficiency optimiza-
tion problem and analyze its constraint, in the next section, the
power minimization algorithm is proposed to solve problem
(12) with low complexity.
IV. POWER CONTROL ALGORITHM
Here, we propose a power minimization algorithm for the
formulated problem which can achieve rational power alloca-
tion. The main idea is using Lagrangian multiplier method and
based on the algorithm, we adjust the transmission power and
get the final result.
To be simplified, the power minimization problem in this
paper can be expressed as
min
N∑
i=1
aiPi
s.t.
N∑
i=1
log2 (1 + ci + gPi) ≥ Dfixed
, (24)
where
ai =
di
v
, (25)
g =
1
−174 + 10 log10B +NF
, (26)
ci =
2G0 −W + 10n log10 λ4pidmidi
−174 + 10 log10B +NF
. (27)
To solve this problem, we use Lagrangian multiplier method
and construct a Lagrangian function as follows:
L =
N∑
i=1
aiPi−λ
[
N∑
i=1
log2 (1 + ci + gPi)−Dfixed
]
, (28)
Finding partial derivative of variable Pi and then we get the
optimal solution. Let
∂L
∂Pi
= 0 and
dL
dλ
= 0, then
Pi =
2
Dfixed
ai·N − 1− ci
g
. (29)
From (29), we can obtain all transmission power allocation
clearly.
V. PERFORMANCE ANALYSIS
From the analysis above, we can see that N determines
θ, and di is related to N , besides, the value of N is larger,
dmidi and SNR
mid
i are more accurate. Since the number of
segments N has a big impact on our schemes, here we analyze
the energy consumption when N tends to infinity.
To be simplified, let
ϕi(θ) = tan(N + 1− i)θ − tan(N − i)θ, (30)
Q =
v ·Dfixed
d0
, (31)
M = 2G0 −W, (32)
Then the energy consumption can be calculated as
E =
N∑
i=1
di
v
Pi
=
d0
v
N∑
i=1
ϕi(θ)
2
Dfixed
ai·N − 1− ci
g
=
d0
vg
N∑
i=1
ϕi(θ) · 2
Q
ϕi(θ)·N
− d0
v
N∑
i=1
ϕi(θ)
(
1
g
+M + 10n log10
λ
4pi
)
+
d0
v
N∑
i=1
ϕi(θ) · 5n log10
(dl
2
−
i−1∑
j=1
dj − di
2
)2 + d20
 .
(33)
6The formula contains three parts and we take the limits
separately to obtain the final result.
For the first part, we can obtain that
lim
N→∞
N∑
i=1
ϕi(θ) · 2
Q
ϕi(θ)·N = H +K(2
Q
K − 1), (34)
where
H =
dl
2d0
= tanNθ =
N∑
i=1
ϕi(θ), (35)
K = arctanH = Nθ. (36)
For the second part, we can obtain that
lim
N→∞
N∑
i=1
ϕi(θ)
(
1
g
+M + 10n log10
λ
4pi
)
= H
(
1
g
+M + 10n log10
λ
4pi
)
.
(37)
For the last part, we can obtain that
lim
N→∞
N∑
i=1
ϕi(θ) · 5n log10
(dl
2
−
i−1∑
j=1
dj − di
2
)2 + d20

= H · 10n log10 d0.
(38)
Then we can get the result that
lim
N→∞
E
= lim
N→∞
N∑
i=1
di
v
Pi
=
d0
v
[
H
(
10n
4pid0
λ
−M
)
+
K
g
(
2
Q
K − 1
)]
.
(39)
From (39), we can obtain the limit value of energy con-
sumption and it should be noted that with the increase of N ,
the value will become smaller and tends to be fixed finally.
VI. PERFORMANCE EVALUATION
In this section, we evaluate the performance of our energy
efficiency schemes under various system parameters and we
also analyze the situation which takes velocity estimation error
into account. Specifically, we make a comparison of four
schemes to show the optimization effect.
TABLE I
SIMULATION PARAMETERS
Parameter Symbol Value
Distance from a BS to the rail d0 20 m
Angle of the half-power beamwidth θ−3dB 30◦
Shadowing margin W 10 dB
Path loss exponent n 2
Carrier wavelength λ 5 mm
System bandwidth B 2.16 GHz
Noise figure of the receiver chain NF 6 dB
Velocity v 300 km/h
Transmisson power P 40 dBm and 50dBm
We use the network geometry as shown in Fig. 2, and
the simulation parameters are summarized in Table I. In
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Fig. 4. Energy consumption comparison under different dl (P = 40dBm).
this example, it is assumed that the position and velocity
measurement is done at the edge of each BS’s coverage, the
power distribution is symmetrical.
A. Comparison With Other Schemes
In order to analyze the energy consumption of the scheme
and further show the optimization results, a new scheme is
introduced here, that is, combining the two power allocation
methods, and four schemes are summarized as follows:
Maintain constant transmission power (MCTP): Main-
tain constant transmission power P throughout the process.
Optimization transmission power allocation (OTPA):
Allocate the transmission power rationally using power mini-
mization algorithm.
Mixed transmission power allocation (MTPA): Maintain
constant transmit power P within the range [0, dl/4], and then
use the power minimization algorithm for power allocation
within the range [dl/4, dl/2].
When N tends to infinity (OTPA(N → ∞)): Allocate
the transmission power rationally by power minimization
algorithm and then find the limit when N tends to infinity
by formula (39).
MTPA is a hybrid optimization scheme and OTPA(N →∞)
is the limit value of OTPA. The energy consumption of four
schemes is simulated as follows.
In Fig. 4, we plot the energy consumption comparison of
four schemes under different inter-BS distances dl. From the
results, we can observe that energy consumption increases with
the distance and the latter three optimization schemes have
played a role in reducing energy consumption especially when
dl > 100m. The energy consumption of MCTP is higher when
distance is far and the growth rate will be larger when distance
is farther, from this, we can also discover the importance of
reducing energy consumtion. To be specific, when dl = 140m,
OTPA saves about 67.7% energy compared with MCTP.
Compare OTPA and MTPA, the optimization effect of MTPA
is better and can achieve lower energy consumption, but OTPA
is also a good choice to some extent. Furthermore, we can see
that the energy consumption of OTPA(N →∞) is lower than
OTPA, the result is as we calculated.
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Fig. 6. Energy consumption comparison under different dl (P = 50dBm).
In Fig. 5, we plot the energy efficiency comparison of four
schemes under different inter-BS distances dl. Again, both
OTPA and MTPA can achieve higher energy efficiency. When
dl is small, the energy efficiency of OTPA is higher and the
optimization effect is better compared with MTPA. In this
situation, OTPA can be adopted as a green scheme. And with
dl increases, the optimization effect of MTPA is gradually
getting better. When dl > 100m, the energy efficiency of
four schemes is approaching the same. Besides, the energy
efficiency of OTPA(N →∞) is the highest which verifies our
calculation result.
We also plot the energy consumption comparison of four
schemes when P = 50 dBm in Fig. 6. Similarly, we can
observe that all three optimization schemes reduce the energy
consumption greatly and improve the energy efficiency of
train-ground communication. The inter-BS distance is larger,
the optimization effect is better. The energy efficiency com-
parison results are shown in Fig. 7.
In Fig. 8 and Fig. 10, we plot the energy consumption
comparison of four schemes under different velocity v. From
the results, we can observe that our schemes can still achieve
good performance in different speed situations, and energy
consumption decreases with the increase of velocity. When
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Fig. 7. Energy efficiency comparison under different dl (P = 50dBm).
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Fig. 8. Energy consumption comparison under different v (P = 40dBm).
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Fig. 9. Energy efficiency comparison under different v (P = 40dBm).
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Fig. 10. Energy consumption comparison under different v (P = 50dBm).
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Fig. 11. Energy efficiency comparison under different v (P = 50dBm).
v = 300km/h, the value of latter three schemes are very small
compared with MCTP, and the value gradually approaches
zero because the distance is only 30m(dl/2) in calculation
which results in a small value. Compare Fig. 8 and Fig. 10, we
can see that when P increases, energy consumption increases
for a certain value of v. The energy efficiency comparison
results are shown in Fig. 9 and Fig. 11. It can be seen that
when P = 40dBm, the energy efficiency of OTPA is higher
than MTPA, but the situation is reversed when P = 50dBm.
In summary, our schemes consume lower energy and can
achieve higher energy efficiency under different system pa-
rameters.
B. Velocity Estimation Error
Since the velocity estimation error has an important impact
on the performance of beam switching, we now investigate it
in the same method. Here, we assume the velocity estimation
error is Gaussian, i.e. vˆ = v+ ve, where v is the true velocity
and ve ∼ N (0, σ2v).
We plot the energy consumption comparison of four
schemes under different dl when σ2v = (0.01v)
2 and σ2v =
(0.1v)2 in Fig. 12 and Fig. 14. We can obtain that when take
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Fig. 12. Energy consumption comparison under different dl when σ2v =
(0.01v)2.
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Fig. 13. Energy efficiency comparison under different dl when σ2v =
(0.01v)2.
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Fig. 14. Energy consumption comparison under different dl when σ2v =
(0.1v)2.
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Fig. 15. Energy efficiency comparison under different dl when σ2v = (0.1v)
2.
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Fig. 16. Energy consumption comparison under different dl when σ2v =
(0.01v)2 (P = 50dBm).
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Fig. 17. Energy efficiency comparison under different dl when σ2v =
(0.01v)2 (P = 50dBm).
velocity estimation error into account, our schemes can also
achieve lower energy consumption similar to the result in Fig.
4, where energy consumption increases with the increase of
dl. Through comparison, we can also observe that the energy
consumption of four schemes in Fig. 14 is lower than those
in Fig. 12, it is because that the value of velocity v in Fig.
14 is bigger than that in Fig. 12 as the result in Fig. 8.
Besides, it should be noted that the energy consumption of
OTPA(N →∞) is always lower than OTPA as we expected.
We also plot the energy efficiency comparison of four
schemes under different dl in Fig. 13 and Fig. 15. As we
can see, OTPA, MTPA and OTPA(N →∞) can also perform
well with velocity estimation error similar to the result in Fig.
5. Without loss of generality, we plot the energy consumption
comparison and energy efficiency comparison of four schemes
when P = 50dbm in Fig. 16 and Fig. 17.
VII. CONCLUSION
MmWave communication has the potential to solve the
problem of train-ground communication for HSTs. Consider-
ing a beam switching method based on the position informa-
tion of HSTs, this paper proposes an energy efficiency power
control scheme where the transmission power is allocated
rationally through the power minimization algorithm. We also
develop a hybrid optimization scheme and the situation which
the limit of the number of segments tends to infinity is
considered. Extensive simulations have demonstrate that our
schemes can achieve lower energy consumption and higher
energy efficiency. In the future work, we will consider a
specific channel model and evaluate the energy efficiency of
the scheme where the Doppler effect has been eliminated.
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